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ABSTRACT

Oriented crystal growth on an amorphous substrate has been achieved
using an artificially created submicrometer-dimension surface-relief
grating. Crystallites of KC1 grown from a water solution onto a 320-nm
spatial-period square-wave grating in SlOz nucleated preferentially at
vertical steps and grew with <100> directions parallel to the grating axis.
320-nm spatial-period square-wave gratings fabricated on amorphous
SiC{z) substrates were used to produce uniform alignment of the director
in nematic and smectic liquid-crystal layers. This demonstrates that
molecular alignment can be achieved using surface structures fabricated
by a planar process. A novel method of producing twisted-nematic
liquid-crystal displays using surface gratings is described.
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INTRODUCTION

The objectives of this research program during calendar year 1977 are to:

(1) Determine the feasibility of using submicrometer-dimension surface-
relief structures to control the orientation of a variety of deposited
thin films,

(2) Determine if single-crystal films of low defect density can be pro-
duced using artificial surface-relief structures, and

- (3) Determine if device quality AIN or ZnO films can be produced on

e

Si0, or Si3N 4 over Si.

The tasks within this program include: (1) the development of a technology for fabricating the
required submicrometer surface-relief structures, (2) the deposition of thin film material, and
(3) the analysis of structures fabricated and their influence on thin film growth and orientation.

This report consists of two parts that describe progress on task (2) in the second half of
calendar year 1977. The feasibility of using submicrometer-dimension surface-relief struc-
tures, such as gratings and grids, to control the orientation of deposited thin films [objective (1)
of this research program] has been demonstrated for KC1 on amorphous $iO, and for nematic
and smectic liquid crystals on the same substrates.
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ENHANCED HETEROEPITAXY

I. ORIENTED CRYSTAL GROWTH ON AMORPHOUS SUBSTRATES
USING ARTIFICIAL SURFACE-RELIEF GRATINGS

The nucleation and growth of crystalline overlayers are influenced by accidental structural
features on a substrate surface, such as cleavage steps, scratches, pits, etc."z The influence
of such structural features on overlayer properties has always been considered detrimental and,
thus, workers have generally tried to achieve totally smooth substrate surfaces. We propose
that artificially created surface microstructures might be employed to manipulate the growth
and orientation of crystalline overlayers. One outcome of this approach might be a method of
obtaining oriented crystalline films on substrates and under growth conditions that otherwise
yield polycrystalline films. As an example of this, we demonstrate that a 320-nm spatial-period
surface-relief grating etched into amorphous Si.Oz induces an orientation in KCl1 crystallites grown
from a water solution.

Figure 1 is a scanning-transmission-electron micrograph showing the KCl crystallites after
growth on a surface-relief grating in amorphous Si.Oz. The sides of nearly all the rectangular
KCl crystallites are aligned parallel and perpendicular to the surface grating. The smaller
crystallites are generally located in grooves (the lighter shaded stripes), and it appears that
growth is initiated at vertical steps. Selected-area electron diffraction patterns taken in a
scanning-transmission-electron microscope (STEM) confirm one's intuition that the <100 di-
rections are parallel to the sides of the crystallites. Clearly, the artificially imposed surface-
relief grating has induced an oriented crystal growth. In areas of the SiOz surface where no
surface grating is present, crystallite habit (i.e., shape) is found to be less regular, and <100
directions show no preferential azimuthal orientation. These results are the first demonstration
of crystal orientation using artificial surface microstructures and are also a clear demonstration
of oriented crystal growth (i.e., heteroepitaxy) on an amorphous substrate.

Our SiOz substrates were films, about 100 nm thick, grown by a commercial chemical-
vapor -deposition (CVD) process over a 100-nm-thick Si3N 4 film, also grown by a commercial
CVD process, on a silicon wafer. Details of the techniques used to create the relief grating in
SiOz are given elsewhere.3'4 In brief, a grating was exposed in polymethyl methacrylate (PMMA)
using CuL x-ray lithography. After development, a 10-nm layer of chromium was evaporated
over the structure and a chromium grating was produced by liftoff. The SiO, was then etched in
CHF3 by reactive ion etching using the chromium grating as a mask. Finally, the chromium
was removed in a chemical etchant. This procedure yields relief gratings having flat tops and
flat groove bottoms and sidewalls that deviate a maximum of about 6° from the vertical. The
radii of curvature at the corners where the sidewalls join the tops and the groove bottoms are
less than 5 nm. The depth of the gratings used in the KCl experiments ranged from 25 to 50 nm.
After producing the surface-relief grating, the silicon underlying the SisN 4 and SlOz films was
etched away using ethylene diamine pyrocatechol in water.5 The sample was held in a special
fixture to avoid any etching of the front surface. The KCl was grown by flooding the SlOz grating
with a solution of KC1 in water and then blowing nitrogen gas over it to promote evaporation, su-
persaturation, and crystal growth. Crystal orientation in the grating area was uncorrelated with
the blowing direction. Because our 8102/813N 4 substrates were only about 200 nm thick, they
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Fig.1. Scanning-transmission-electron micrograph of KCl crystallites grown
on a 320-nm spatial-period square-wave surface-relief grating in amorphous
SiO, showing that the grating has induced an oriented crystal growth where

{100> directions are paraliel to the grating grooves. The grooves are 25 nm

deep and have the lighter shading. The electron microscopy produces some

decomposition of the KCl crystallites during viewing, leading to the serrated

edges of some of the crystallites.
could be viewed in transmission by electron microscopy using both conventional and STEM sys-
tems. The STEM permitted selected-area electron diffraction, although the signal-to-noise
ratio was poor.

The results shown in Fig. 1 indicate that the surface-relief grating influences both the nu-
cleation and the growth of the KCl. Nucleation appears to occur preferentially at vertical steps,
and subsequent growth is constrained and aligned by the steps. Preferential nucleation at nat-
urally occurring cleavage steps (usually called "decoration") has been observed for many crys-
talline film-substrate combinations including Au on NaCl (Ref.6), Au on LiF (Ref.7), Ag on
NaCl (Ref.8), Sn on NaCl (Ref.9), Ag on mica,s and Au on graphite,io and has been explained
qualitatively using classical nucleation theory, with the assumption of isotropic surface tensions i
On the basis of this simplified theory, one can expect decoration of artificially created surface-
relief steps on amorphous substrates if the radius of curvature at the base of the step is suf-
ficiently small compared to the size of the critical nucleus, and if the contact angle of the de-
posit is <100°. An extension of the theory predicts that KCl will decorate steps on Sioz.

The grating's orienting influence on the KC1 growth can be explained on the basis that ori-
ented growth corresponds to a minimum free energy configuration. When grown on smooth
amorphous substrates, most alkali halides, including KCl, form textured films with {100} planes *
parallel to the substrate sux'face,“li indicating that surface free energy is minimum for this par-
ticular texture. Our surface-relief grating consists of flat tops, flat groove bottoms, and nearly
vertical sidewalls, and thus a crystal would have a higher free energy if it grows misaligned rel-
ative to such a structure than if it grows aligned. Our method of growing the KCl by evaporation
of a solution is far from an equilibrium process. However, the KCIl deposit was "annealed" after
growth by placing it in a humid atmospnere for a few minutes prior to storage in a dessicator.

Because of the islands' small size, we feel this annealing was sufficient to establish equilibrium.
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Many polycrystalline thin films exhibit a texture when deposited on smooth amorphous sub-
strates such that the most densely packed planes are generally parallel to the substrate surface.“
Our technique may be effective in inducing azimuthal alignment in such cases as well.

The above results are an example of how the growth and orientation of an overlayer can be
manipulated by an artificially created microstructure on a substrate surface. Since the spatial
period, symmetry, cross-sectional profile and overall pattern configuration of artificial micro-
structures are subject to one's control, and since many aspects of overlayer growth and orienta-
tion are affected by surface structure, manipulation using artificial microstructures may be of
rather general applicability and contribute to both the technology and the basic science of over-
layer growth. Precisely how growth might be manipulated for any given overlayer/substrate
combination will depend on the geometry of the microstructure, the method and conditions of
the deposition, and the detailed mechanisms of nucleation and grow’t.h.12

H.I. Smith
D.C. Flanders

II. ALIGNMENT OF LIQUID CRYSTALS USING SUBMICROMETER

PERIODICITY GRATINGS

Several researchers have demcnstrated that surfaces which have been made anisotropic by
rubbing with abr'a\sives,i3 by directed oblique evaporation of silicon monoxi.de,14 or by dipping
in surfactants‘s will align nematic liquid crystals. It is believed that such alignment minimizes
the free energy associated with elastic deformation of the liquid crystal. In particular, if the
long axes of the liquid-crystal molecules are constrained to lie in, or at a small tilt angle to,
the plane of a smooth surface, then one expects a grating structure on that same surface to in-
duce alignment of the nematic director along the groove direction. Berr-ema.n“"17
a detailed model which supports this idea.

Oblique evaporation and rubbing techniques produce surfaces with a topography that is largely

uncontrolled and, thus, is difficult to reproduce or quantify exactly. We demonstrate here that

has proposed

liquid crystals can be aligned on gratings whose topography is directly controlled. It is signi-
ficant that the spatial-period of the gratings used was 320 nm, which is much larger than the
size of the molecules (%2 nm) being aligned. We expect the forces which favor alignment to
increase with gratings of higher spatial frequency.

The gratings for the followingoexperiments were fabricated in SiO2 by reactive ion etching
in CHF3 gas using a mask of 100-A-thick chromium. The chromium grating was produced by
a liftoff process from a grating pattern exposed in PMMA using CuL soft x-ray lithography.3
Holographic lithography was used as the pattern generation step in producing the x-ray mask.
The etch depth of our 8io, gratings was about 25 nm. Recent measurements in a transmission-
electron microscope on gratings fabricated by this process indicate that the sidewalls are within
6° of the vertical, and that the radius of curvature at the top and bottom corners of the sidewalls
is less than 5 nm. Gratings were fabricated over a 1.25- X 1.25-cm area on two highly polished
fused quartz substrates.* The two substrates were assembled into a sandwich with 50-um-thick
Teflon spacers holding them apart, as shown in Fig.2. The gratings were on the inside of the
sandwich and faced each other with their groove directions parallel. A high degree of parallel-
ism is easily obtained by first roughly aligning the gratings so that a beam of light incident on
them is simultaneously diffracted from both gratings toward an observer; then, fine adjustments

* Optosil 2, Amersil, Inc.
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Fig.2. A schematic cross section and top view of the "sandwich"

assembly used to investigate surface-relief-structure orientation

effects in nematic and smectic A liquid crystals. The two grat-

ings are displaced relative to one another so that the effects of

two facing gratings (Region C), a single grating (Region B), or no

grating (Region A) can be compared.
in the alignment can be made while observing moiré€ interference fringe patterns in the overlap-
ping diffracted beams.

After alignment of the gratings, the sandwich was heated above the nematic-isotropic transi-
tion temperature of MBBA [N-(p-methoxybenzilidene) -p-butylaniline] and the liquid crystal was
introduced into the sandwich by capillary action. The sandwich was allowed to cool to room tem-
perature where MBBA is nematic, and was observed in transmission in a microscope between
crossed polarizers. The incident polarized light was normal to the thin liquid-crystal layer, and
the entire sandwich could be rotated in the plane of the layer.

An aligned liquid crystal behaves as an optically uniaxial medium with its optic axis in the
direction of the nematic director. When a linearly polarized beam of light is normally incident
on a uniaxial slab of arbitrary thickness it will remain linearly polarized after passing through
the medium only if the polarization is perpendicular to the optic axis or parallel to the projection
of the optic axis on the slab. In the area beween the two gratings, distinct peaks and nulls in
the light transmission were observed as the sandwich was rotated, the nulls occurring every
90°, Furthermore, the entire liquid-crystal layer in the grating area had a uniform brightness,
with nulis in the light transmission occurring simultaneously across the entire field of view.

Our interpretation is that the nematic director is not perpendicular to the substrates and that it
is uniformly oriented in the grating area. The liquid-crystal layer had a distinctly different
appearance in the region outside the grating area where it was confined between two smooth
surfaces. It did not appear uniform, and many small domains were visible indicating that the




direction of the nematic director varies randomly in this region. The light transmission in the
grating area went through a null when the incident polarization was along the groove direction,
to within the experimental error of our apparatus (~0.5°). This indicates that the projection of
the nematic director was aligned along the groove direction or perpendicular to it. In order to
distinguish these two possibilities, we doped the MBBA with the dye DODCI (3, 3' diethyloxadi-
carbocyanine iodide), which aligns with the nematic director and absorbs most strongly light
that is polarized in the direction of alignment. In this way, we established that the nematic
director projection was along the groove direction.

The angle between the nematic director and the plane of the substrate was estimated by
measuring the difference between the refractive index for the ordinary wave and the extraordi-
nary wave with light normally incident on the substrate. The extraordinary index varies with the
angle between the incident ray and the optic axis. To make the measurement, one of the Teflon
spacers was removed, thereby introducing a known tilt between the two quartz substrates. When
viewed at normal incidence in monochromatic light (589 nm) between crossed polarizers, distinct
dark and light bands were visible due to the linear variation in thickness of the birefringent me-
dium. The dark bands occur when the relative phase shift between ordinary and extraordinary
waves is an integral number of cycles. Knowing the tilt between the two substrates, the dif-
ference in index of refraction can be calculated from the spacing of the bamds.“9 We measured
an index difference of 0.18 + ~10 percent. This corresponds to a nominal tilt of 23° between
the nematic director and the substrate plane; this was the same inside and outside the grating
area. For the tilt calculation, we used the value of 0.225 (+0.006) for the birefringence of
MBBA at 25°C, which is correct if the nematic-isotropic transition temperature is in the range
of 41 to 45"C.’8 The transition temperature is sensitive to the purity of the liquid crystal and
typically drops slowly when MBBA is first exposed to air, with a corresponding decrease in the
birefringence. Though we did not measure it, the transition temperature is usually in the range
of 41 to 45°C. Furthermore, conoscopic examination of our sample confirmed that the nematic
director was tilted at least 20° from the substrate plane.

Surface contamination can make the nematic director approach the substrate normal and
thus degrade the orienting influence of the grating. Freshly made substrates, and those cleaned
in UV-generated ozone19 or concentrated HZSO4, exhibited good alignment, low tilt angle, and
consistent results. Both highly polished fused quartz and SiO, prepared by thermal oxidation
of silicon wafers showed similar results.

We also aligned the liquid crystal M24 (BDH Chemicals Ltd., 4-cyano-4'-octoxybiphenyl),
which has a smectic A as well as a nematic phase. We found that M24 in the nematic phase
aligned uniformly along the groove direction in the grating area, but it exhibited a slowly vary-
ing nematic director outside the grating area where it was not constrained. The effect of the
grating was striking when the liquid crystal was cooled to the smectic phase. The liquid crystal
in the grating area appeared as a uniform uniaxial slab with the projection of its optic axis paral-
lel to the groove direction; outside the grating area a multitude of striations and fansshaped de-
fects appeared. No striations were visible in the area confined between two gratings.

Based on the above results, we have constructed a novel type of twisted nematic display
using grating technology. Gratings of 100-nm-thick gold lines and 320-nm period were fab-
ricated on a 225-pm-thick Corning 0211 glass substrate using holographic lithography and ion-
beam etching. The gold grating lines were interconnected by a continuous gold film which sur-
rounded the grating area. Two of these 0211 glass pieces were assembled into a sandwich using
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Teflon spacers to maintain a gap between them. The gratings, which were inside the sandwich,
were oriented with their groove directions perpendicular to each other. Electrical contact was
made to each gold surface. All the elements of a twisted-nematic display are present in this
structure: (a) the gratings provide two liquid-crystal-aligning surfaces at right angles to one
another, (b) the gratings polarize light and act as crossed polarizers, and (c) the gratings are
highly conductive at DC and form effective conducting parallel plates to align the liquid crystal
by means of an electric field. The contrast ratio of the polarizer limits the performance of the
display. Contrast ratios of 10:1 have been obtained using He-Ne laser light (632.8 nm). Im-
provements should be obtained with gratings of finer spatial period.

In conclusion, we have demonstrated that square-wave-grating surface-relief structures
can be used to align nematic and smectic liquid crystals. Since these structures are well con-
trolled and characterized, they permit quantitative models for alignment of liquid crystals by
surfaces to be tested. Finally, surface structures may find wide application in other systems
where anisotropic surface interactions are present.

D. C. Flanders

D. C. Shaver
H.I. Smith
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